Abstract. Debris-covered glacier tongues in the Himalaya play an important role in the high-altitude water cycle. The thickness of the debris layer is a key control of the melt rate of those tongues, yet little is known about the relative importance of the three potential sources of debris supply to those glaciers: the headwalls, the glacier bed or the lateral moraines. In this study we hypothesize that erosion from the lateral moraines is a significant debris supply to the debris-covered tongues, in particular when the tongue is disconnected from the headwall due to glacier downwasting. To test this hypothesis eight high-resolution ). In addition the loose lower parts of the lateral moraines erode at a faster rate during both seasons. These erosion rates translate into an annual increase in 10 debris thickness ranging from 0.17 m yr −1 when the eroded material is distributed over the entire glacier to 0.29 m yr −1 in case the material is deposited in a narrow runout zone. It is concluded that the lateral moraines provide an important source of surface debris for glaciers in an advanced state of mass loss, and the source needs to be incorporated into models of glacier evolution. Further research should focus on how large this negative feedback is in controlling the melt of the tongues and a better understanding of the redistribution of debris on the tongue is therefore required.
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Although it is generally assumed that headwalls are the main source of debris, we hypothesize that further down-glacier the supply from lateral moraines becomes an important source of debris, particularly for stagnating glacier tongues whose headwalls are disconnected from the actual tongue due to glacier retreat and downwasting. In such cases rockfall and avalanches from the headwalls no longer reach the tongue (Figure 3B and 3C) . Material deposited below the ELA is furthermore only advected on the glacier surface rather than transported along an englacial pathway. Estimated erosion rates from the lateral for Norwegian field sites (Curry et al., 2006) . On glaciers in the study area (Langtang Valley in Nepal) a supply rate of 0.4 -31 mm yr −1 (Watanabe et al., 1998) was previously found. However these values are averages over a much larger time span (<550 years versus <247 years for studies in Norway and <79 for the Alps, (Curry et al., 2006) ) and include source areas beyond the moraines. These rates are however all much higher than headwall erosion rates and all eroded material is deposited on debris cones on the 10 tongue.
Previous studies only reported glacier-averaged erosion rates, although it is likely that the rates are spatially variable. In this study we use multi-annual, high-resolution orthomosaics and digital elevation models (DEM) acquired using an unmanned aerial vehicle to quantify erosion rates of the lateral moraines of a DCG in Nepal. We attempt to explain the spatio-temporal variability and sediment transport processes using the terrain morphology and prevailing seasonal climates. Finally, we assess 15 how important erosion from lateral moraines is in the formation of Himalayan DCGs.
Study area
The research was conducted on Lirung Glacier (28.23 N, 85.56 E) , which is located in the Langtang Valley in the Nepalese Himalaya ( Figure 2B ). The glacier has a southern aspect, steep headwalls near the mountain crest and an almost flat terminus.
20
The lower part of the glacier is covered entirely in debris ( Figure 3 ) and has been subject to strong downwasting in recent decades (Immerzeel et al., 2014a; Nuimura et al., 2017) . The study area is located between 3900 and 4400 m a.m.s.l. In this section the moraine ( Figure 2C , orange lines) is disconnected from the upper slopes, and up to 5 m above the surrounding nonglacial topography. The climate in the region is dominated by the monsoon, with a wet season between June and September in which 70% of the annual precipitation falls. During the dry season between November and May, considerably less precipitation 25 reaches the area, and falls mostly as snow (Immerzeel et al., 2014b) .
Data and methods

Field data
Our observations of the lateral moraines of Lirung Glacier span 2013 to 2018, consisting of co-registered orthomosaics (0.1 m resolution) and DEMs (0.2 m) derived from multiple UAV flights with an optical camera (for details regarding measurements,
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processing and data quality see Kraaijenbrink et al., 2016) . Details about the mapped part of the glacier for each UAV cam- Precipitation data was available from the meteorological station at Kyanjing village (28.21 N, 85 .57 E) about 1.3 km south of the glacier in 2013. As data gaps are present between 2015 and 2018 for the Kyanjing station, the meteorological station in Langshisha (N 28.20, E 85 .67) about 13 km south-east of the glacier was used for the remainder of the period. Both rainfall 5 intensities and the cumulative rainfall between any two UAV time slices were analyzed.
Deriving change in elevation
The DEMs were used to calculate elevation differences between time steps. The difference in elevation between two timesteps was assumed equal to the amount of sediment transport, assuming that no melting ice core exists in the moraine. Two prepro-10 cessing steps were taken. First, vegetated areas were selected using a maximum likelihood supervised classification applied to the orthomosaic and masked out of the DEMs, to ensure that the moraine elevation changes represent real change. Second, in the case of a large elevation change in terrain that is assumed to be stable, it is likely that this offset also influences elevation changes on the moraine itself. Therefore the DEMs were corrected for elevation changes in off-moraine and off-glacier terrain.
To not bias the result towards possible errors in the DEM as well as extreme events, we removed the outliers outside the 10-90 15 percentile range (Table 2 ).
Analysis of surface properties
The orthomosaics were analyzed visually to examine patterns of erosion and deposition, and compared against elevation differences. Furthermore, the displacement, slope and roughness of the lateral moraines were derived from the DEMs. We employed the COSI-Corr software for cross-correlation feature tracking to calculate the displacement of debris on the lateral moraines 20 (Leprince et al., 2007; Kraaijenbrink et al., 2016) . As this software focuses more on block movement than on individual clast displacement (Leprince et al., 2007) , correlating displacement with elevation change gives insight in slower slope processes such as creep or solifluction, which often occur on a scale large enough to be detected by COSI-Corr. Fast flows and slides that may happen within a few minutes are also captured as movement in the same signal. Slope maps are created directly from the DEM. The last derivative dataset, surface roughness, was extracted from the DEM. Following Nield et al. (2013) , the roughness 
with σ z defined as the standard deviation of a 5 × 5 m window of a detrended DEM. Although the window size greatly influences the roughness, a window of 25 m 2 is suitable for this approach (Miles et al., 2017b) . For each window a high roughness value indicates larger topographic variation, such as boulders, while a small value indicates a more homogeneous 30 surface (Miles et al., 2017b) .
Moraine delineation
The DEM and orthomosaic, as well as their derivatives, were used to delineate the lateral moraines and divide them into zones with comparable characteristics. The moraine base is often characterized by a break in slope (Figure 3 , Figure 4A ).
Furthermore, a hillshade with a hummocky appearance is an indicator for subdebris ice (Lukas et al., 2012) , and is often used to define the lower moraine boundary. Within the lateral moraine two main zones were distinguished: an intensively gullied Figure 4A ). Although not distinguishable everywhere, a zone with fine material was detected directly below the gullied upper part, accompanied by a very low roughness ( Figure 4C ). The smoothness is also visible on the orthomosaic. We interpret this as the depositional zones of the gullies upslope, and refer to it hereafter as 'washout zone'.
Runout model
10
To investigate the importance of the lateral moraines as a source for supraglacial debris, we used a simple model to calculate how far moraine material can travel onto the glacier. The model is based on the reach angle principle. The reach angle is the angle between the origin and maximum reach of a mass movement, and has a range between 3 ) respectively (Corominas et al., 2003) . Reach angles decrease for values beyond these ranges, and increase for smaller volumes.
The runout length R L (m) from the lower moraine boundary was calculated as
where ∆H is the difference in elevation between start end location of deposition (m), R α (
is the reach angle ( Figure 8A ) and M w is the planar moraine width (m). To derive the maximum runout length, it was assumed that the start location of the mass transport is at the moraine crest, though in reality they may start from anywhere inside the firm zone (Curry et al., 2006) .
As the minimum reach angles were used and since we assume the moraine crest as a starting point, the calculated runout length R L indicates the furthest inward point on the glacier that debris can be transported to. Due to a decrease in mass movement 25 velocity after the abrupt slope change on the glacier-moraine boundary, the amount of debris deposition is expected to be highest close to the moraine and will decrease rapidly with distance. To validate this estimated runout length, the actual runout length is determined by detecting depositional features such as debris flow lobes and tumbled rocks, and measuring their distance to the moraine edge. 
Clast analysis
Model results were validated by performing a clast analysis, which was conducted by investigating 70 individual samples of debris. For each of the locations on average 46 (σ = 25) clasts were analyzed. The roundness is determined based on the commonly used chart from Powers (1953) , which results in a percentage of clasts for each sample that are angular or very angular (RA index). For 13 samples the axis length of each clast was measured, allowing us to determine the so called C 40 ,
5
which is the 40th percentile ratio of short to long axes (c/a) in a sample. These indices are widely used to distinguish between actively transported clasts (low C 40 and RA) and those that are mostly affected by weathering and reworking in rapid mass movement events (Lukas et al., 2013, high values) . Moraine-derived debris is assumed to have already been transported by the ice, and therefore has lower RA values than headwall-derived debris, which is expected to be more dominant in the centre of the tongue. It has to be taken into account that both the C 40 and RA indices decline down-glacier (Benn and Ballantyne, 10 1994) and that differences in lithology result in different index values (Lukas et al., 2013) . However, the latter will be of minor importance as the debris catchment is relatively small and homogeneous in lithology (Macfarlane et al., 1992) . If the lateral moraine indeed is an important source of debris, clast roundness is expected to decreases from the lateral moraine towards the glacier centre, as the influence of the lateral moraine diminishes and material transported from further up-glacier becomes dominant. are found (Watanabe et al., 1998) . Both the inclusion of upper mountain slopes, rather than just focusing on lateral moraines and the fact that these are average rates for up to five centuries may explain the difference.
Elevation change on other moraines that formed during more recent glaciations and mountain ranges that are generally less erosive than the Himalayas peaked at approximately 0.15 m yr (Immerzeel et al., 2014a) , which is an acceptable error in comparison to the observed erosion rates. 
Erosion mechanisms and processes
Our data enables us to differentiate between different transport mechanisms, which can be divided in three main categories:
erosion due to running water (entrainment and debris flows), larger mass movements (slumps or rockfall) and slower downslope processes (for example solifluction). Despite the overall stability of the firm moraine, the gullied topography indicates the importance of flow erosion processes. Debris flows and sediment loaded streams originate here mostly in the wet season, when 5 there is frequent rainfall often with high intensity (Table 3) . Often a patch of higher erosion is found just below the firm zone, as the break in slope causes the flows to plunge into the loose material below ( Figure 5A ). On the loose part, flow velocities decrease as a result of the shallower slope, resulting in deposition on the lower parts. Frequently observed grain diameters of > 40 cm in the loose zone indicate the importance of debris flows over water flows (Iverson, 1997) , as debris flows, in contrast to , the process is much faster than creep, which is in the order of cm yr −1 (Kirkby, 1967) and is in the range of movement through solifluction and of rock glaciers (Matsuoka, 2001; Frauenfelder et al., 2005) . As permafrost can be found above 3500 m in the study region (Gruber et al., 2017) , solifluction might be the main transport mechanism. ). On both sections, erosion rates were higher in the wet seasons, which indicates the importance of water-driven erosion and slumping (Table 3 ).
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The difference between the two seasons was caused by heavier precipitation during the summer months. Erosion processes were more active in the wet seasons than in the dry seasons, with erosion rates ranging from 0.34 to 0.52 m yr , respectively, and total cumulative precipitation of 540 -700 mm and 117 -145 mm. The upper moraine experiences less change throughout the dry season, but is also more sensitive to precipitation changes as the seasonal differences in erosion rates are higher. During the dry season from 2016 to 2017, when erosion values were especially high, both the total precipitation as 30 well as the intensity were considerably higher. In line with the larger negative elevation change that was observed on the firm part, gully erosion was observed after the wet season. Larger slumps and rockfall from the firm part were observed in both seasons, as they are mostly triggered by a single rainfall event rather than by continuous wetting. Deposition below the firm part in the washout zone can be seen throughout the wet and dry season, which is also true for the sliding of the entire slope.
Nonetheless, the rate of movement was much faster during the wet summer season. On the other hand, a larger loading and decrease of shear strength may also cause the moraine to shift down faster (Cai and Ugai, 2004) . Although the exact process is yet unclear and needs further investigation, it is clear that this shift does contribute substantially to the downslope movement of moraine debris.
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Beyond precipitation, freeze-thaw cycles could also play a role in driving erosion, with erosion increasing as moraine slopes warm up seasonally after the dry winter season and diurnally through the rest of the year.
Towards a conceptual lateral moraine erosion model
The steep intensely gullied firm part of the moraine had lower erosion values (0.16 m yr upper slopes get rapidly deprived from their loose sediment (Ballantyne, 2002; Curry et al., 2006) . This would suggest higher erosion rates on the upper moraine part in the past, and this hypothesis is supported by the large amount of loose material below. Currently, erosion still occurs in these gullies albeit at a lower rate, as deposition features just below the firm part fill the gaps between the larger boulders and decrease the surface roughness locally ( Figure 4C ). A higher roughness causes water to become more concentrated in gullies, resulting in higher flow velocities and more erosion (Römkens et al., 2002) . Finer 15 grain deposits on the lower moraine makes debris more susceptible to water erosion in shallower slopes (van Rijn, 1984 ).
An alternative explanation for high rates in the lower parts could be that in addition to surface erosion, larger sections of the moraine may slump as a unit. This may occur most commonly in close proximity of the glacier ice in areas of high mass loss, as the ice thins vertically but also recedes laterally ( Figure 6A ). These slump deposits may be identified on the moving glacier as positive surface elevation change due to the advection of a prominent zone ( Figure 6B ).
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Erosion on the loose part of the moraine is related to moraine displacement in the wet season. In the wet season, when surface displacement rates were on average >1 m yr
, higher velocities coincide with a more negative elevation change ( Figure   7 ). The displacements were caused by a slower slumping process, which moves down the moraine sediment as a block that is mostly active in the wet summer season. As these displacements were directly caused by a debris transport process, the moraine velocity is an indicator for erosion, instead of the other way around. The firm part of the moraine was approximately stable 25 in both seasons. In the dry season, displacement rates were lower (< 1 m yr
) and do not show a correlation with elevation change, indicating a smaller importance of this process.
It is difficult to quantify the importance of fast processes such as debris flows, rockfall of individual large boulders and landslides on the moraine. However, as the latter two only occurred occasionally and covered a small area (width of maximum 25 m) their total contribution to the glacier is assumed to be small.
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As there was no relation in the dry season between flow velocity and surface elevation change (Figure 7 ), other processes are important on the loose part of the moraine. No debris flows or landslides were detected on this part, hence it is most likely that erosion in the lower part was triggered by water and debris flow erosion that originated on the upper steep part. 
Debris distribution onto the glacier
The main processes (debris flow, shallow slides, rockfall) described above were included in the model to calculate on-glacier debris deposition.
Using a specific reach angle for each process, the maximum runout length on the glacier is 39.4 m for rockfall, 111.4 m for debris flow and 121.8 m for shallow slides ( Figure 8B ). The runout length is not equal along the glacier, as a result of 5 differences in moraine elevation and the hummocky glacier surface ( Figure 8C ). The observed runout length has a maximum of 51.4 m, which suggests rockfall as the most important process, being closest to this value. As rockfall was not observed to be the most important process on the moraine, this difference also indicates that debris flows and small slumps possibly occurred with smaller runout lengths than modelled. There are two possible explanations for this. First, many mass movements might have a smaller volume than the 800-2000 m 3 range used in the calculation, which reduces the runout length (Corominas et al., 10 2003; Rickenmann, 2005) . Second, the rough surface on the glacier obstructs the runout path and decreases runout length substantially (Corominas et al., 2003; Miles et al., 2017b) . Using a smaller volume (<800 m moraine. Rough calculations of required reach angles for moraine-derived debris to reach the centreline on other glaciers in the catchment, based on the mean moraine prominence (Miles et al., 2017c) , shows that this is likely true there as well. For the largest glacier, Langtang, the reach angle becomes 6
• , while for the second largest, Langshisha, 18
• . Due to differences in valley shape and moraine size, very different rates of relative coverage by moraine-derived debris are however possible. The runout length has increased over time as the glacier downwasted and the elevation range between the moraine crest and glacier 20 tongue increased. The debris currently found at the glacier's centreline has either moved there by secondary processes such as glacier movement and on-glacier sliding, or originated from other sources, e.g. headwall erosion (Benn and Owen, 2002) or basal debris, (re-)emerging at the glacier surface towards the tongue (Boulton, 1978; Wirbel et al., 2018) .
Clast analysis
The locations of the clast samples are shown in Figure 9 . The C 40 index is relatively low (0.2 to 0.48), while the rounded and 25 very rounded fraction of the investigated is less than 6% on average, indicative of angular clasts. Looking at the angular and very angular fraction, the RA index, provides a stronger indication of transport processes (Figure 9 ). The RA index on the moraine is on average just above 30% suggesting a dominance in more rounded samples. This is due to their previous transport path through the ice before they were deposited along the moraine. Values are decreasing downglacier, corresponding to findings in Benn and Ballantyne (1994) , indicating that englacially transported and moraine-derived debris becomes dominant. Higher
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RA indices on the moraine are found only where the moraine is still connected to the headwall (Figure 9 ). Clast samples in the centre of the glacier have a much higher RA index, >50%, as they have been dominantly sourced directly from headwalls further up-glacier, and less frequently emerged from englacial pathways. Clast samples from between the moraine and the modelled runout length have an RA index higher than 50%, closer to the RA index of the samples in the centre of the glacier.
This may indicate that the modelled runout length is an upper maximum and debris from the moraines rarely reaches this far, which is in line with the observed runout length being shorter.
Consequences for terminus retreat and debris thickness
Debris-covered tongues are schematized with a convex-concave up-glacier thickness pattern, causing lower tongues to be 5 covered in thick debris that causes debris-covered tongues to stagnate (Anderson and Anderson, 2018; Watson et al., 2017; Kirkbride, 2000; Kirkbride and Deline, 2013) . This can be explained with debris being accumulating continuously at the snout at higher rates than it can be evacuated ( Figure 10A2 ). Moraine-derived debris can not be directly deposited over the complete width of the tongue ( Figure 10A1 ), although secondary processes may be capable to further distribute it across the glacier.
However, to get a first order estimate of its potential relative contribution to the thick cover expected on the snout, erosion rates , suggesting that debris-covered tongues get buried rapidly (Gibson et al., 2017a) . (b) Debris is evacuated from the surface via the glacier forefield, evidenced by regular rockfall and debris flows at 20 the terminal ice cliffs observed in the field ( Figure 10A4 ). We do not account for that in our balance and it could additionally lower the rate of increase in thickness. Hallet et al. (1996) and Gardner and Jones (1984) for one field site in the Karakoram, however empirical relations based on extensive measurements (Fenn et al., 1985; Hammer and Smith, 1982) suggest that based on the observed discharge rates between 0.75 m in the wet season (Ragettli et al., 2015) , evacuation rates for suspended sediments and bedload of 0.03 to 0.04 m yr volume of relocated moraine debris is however likely due to slumping at the terminus ( Figure 6A ). As the tongue retreats, the debuttressing of the glacier causes the moraine to slump and fill the space available with moraine material ( Figure 10A3 and B2). This is supported by the fact that observed rates in the upper part of the moraine (0.16 m yr ) correspond closely to observations in other regions (Ballantyne, 2002; Curry et al., 2006) , while erosion at the lower moraine are twice as high (0.35
). At Lirung Glacier, the terminus retreated at a rate of 30 m yr
at the centreline and much slower at the margins as here the thick moraine-derived debris quickly covered the ice, resulting in the moraine crest to slump and become shallower ( Figure 10B2 ). Along with internal ablation due to drainage conduits, this helps to explain the clear concave arcuate terminus appearance of retreating DCGs as opposed to the generally convex terminus of clean glaciers.
Considering these processes, the observations are plausible and show that lateral moraine erosion can play an major role in debris supply to downwasted glacier tongues with steep lateral moraines. This process could be an important negative feedback as the further a glacier downwastes the faster debris is supplied to its surface and the more melt is reduced. This is important to take into account in glacier flow and energy balance models (Carenzo et al., 2016; Anderson and Anderson, 2018; Rowan et al., 2015) , which often use a uniform debris cover derived solely from headwall erosion and do not take lateral moraine 5 debris supply into account.
Conclusion
In this study a time series of five years of UAV data is used to investigate the importance of lateral moraine erosion to a debris-covered tongue and the following key conclusions are drawn:
-The erosion from the lateral moraines is high at an average rate of 0.31 m yr , ignoring sediment evacuation out of the glacier.
-For strongly downwasted glaciers with high and steep lateral moraines this could be an important negative feedback mechanisms as an increase in debris supply to the glacier tongue will suppress further melt of the tongue.
-There is a strong seasonality in lateral moraine erosion and the rates are higher in the wet season, which is indicative that water driven erosion is the key mechanism.
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-The upper firm and steep part of the moraine is gullied and transports water quickly to the loose and gentle lower part where erosion occurs through water flow, debris entrainment and slow slumping. The slow slumping might be caused by solifluction for which the conditions are favorable.
-Rockfall and landslides occur occasionally and influence the erosional pattern, they are however of minor importance in the overall balance.
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-Runout distance modelling shows that it is unlikely that these processes are responsible for the distribution of the eroded material on the glacier since the maximum distance are small (~56 m). This is supported by the clast analysis, which shows angularity to increase rapidly from the moraine (30% being angular or very angular) towards the glacier centre (>55% being angular or very angular).
-Further research is needed that incorporates glacier dynamics and lateral drag with the moraines and its implications for 25 debris transport. In addition methods to quantify headwall erosion rates as well as subglacial erosion on debris-covered glaciers need to be developed to understand the full sediment balance of a debris-covered glacier tongue.
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